Abstract The synthesis of chitosan Schiff bases, N-benzylidene chitosan (CTB), 4-dimethylamino-benzylidene chitosan (CTDB) and 4-nitro-benzylidene chitosan (CTNB), and their interaction with Cu 2?
Introduction
The presence of amino and hydroxyl groups on chitosan structure provides the possibility of several chemical modifications in the polymer chain. These chemical modifications can be important because they enhance the polymer properties, such as selectivity, solubility, biological and chelating [1] [2] [3] . One important modification is related to Schiff bases, which are prepared from the condensation reaction of chitosan amino groups with an aldehyde or ketone. Schiff bases are characteristic for containing the HC=N group.
The presence of imino groups in the polymer can increase the physiological activity of these materials [4] , and moreover, electron-donating and electron-withdrawing substituents at the benzene ring, when the condensation reaction is carried out with aromatic aldehydes, can noticeably influence on the degree of substitution [5] , thermal stability [6] and antibacterial activities. Seven Schiff bases were synthesized from O-carboxymethyl chitosan and para-substituted benzaldehydes. Antibacterial activities of the Schiff bases against Escherichia coli and Staphylococcus aureus were measured, and the tests showed that electron-donating group at the para position of benzaldehyde increases the antibacterial activities of chitosan Schiff bases, while electron-withdrawing group decreases the antibacterial activities [7] . Thermogravimetric studies of chitosan Schiff base polymers demonstrated that they are thermally stable and the variations in thermal stability are probably due to different degree of substitution. Moreover, the antimicrobial activities of derivatives were stronger than those of chitosan [8] . Chitosan-based materials have shown good adsorption capacities for wastewater treatment. In addition, the composites demonstrated better thermal stability mainly due to self-assembly and cross-linked nanostructures [9, 10] . Chitosan-crotonaldehyde Schiff base has been prepared and reported as good adsorbent for different metal ions and for different types of dyes. In addition, the material has also shown a strong antibacterial and antifungal activity and is an ecofriendly corrosion inhibitor for metal alloys [11] .
More recently, novel chitosan Schiff bases were synthesized using 4-(2-chloroethyl)benzaldehyde and 4-(2-bromoethyl) benzaldehyde with a subsequent dehydrohalogenation to yield vinyl derivatives. These materials are interesting for polymerization and copolymerization reactions [12] .
The chelation of chitosan Schiff bases with metal ions has gained attention because of their use as catalysts [13] [14] [15] and antibacterial agents [16] . 4-Hydroxysalicylidenechitosan Schiff base was prepared, and its complexation with several metal ions was investigated. The Schiff base behaves as a bidentate chelate with a single negative charge with the azomethine nitrogen and deprotonated 2-hydroxy centers [17] . A chitosan derivative was synthesized by the chemical modification of chitosan with vanillin-based complexing agent. The binding capacity of the derivative is in the order Cu(II) [
in all studied pH ranges [18] . Jiao et al. [19] have reported the synthesis and characterization of three chitosan-based Schiff base compounds and the corresponding copper complexes. The results indicated that coordination reaction take place in Schiff base skeleton. The thermal stability of Schiff bases increased slightly, while that of the copper complexes was reduced significantly and the XRD results demonstrated a lower crystallinity of Schiff bases complexes. Chitosan-based Schiff base metal complexes were used as heterogeneous catalysts for the oxidation of b-isophorone with excellent activity [20] . Anthony et al. [21] have synthesized a Schiff base derived from chitosan and its Cu(II), Co(II) and Ni(II) complexes. X-ray diffraction patterns showed that the crystallinity of copper complex is found to be less than for nickel complex. Besides, the chemical modification of chitosan leads to increase the surface roughness, which makes them better catalysts.
Subsequent applications of chitosan-based Schiff bases metal complexes in biological and catalytic systems depend on the substituent of benzene ring and the amount of metal ions chelated by the derivatives [7, 22] . Thus, in the present study, we report the synthesis of three chitosan Schiff bases, N-benzylidene chitosan (CTB), 4-dimethylaminobenzylidene chitosan (CTDB) and 4-nitro-benzylidene chitosan (CTNB), and their interaction with Cu(II), Zn(II) and Ni(II). The chemical structures of the Schiff bases and their metal complexes were investigated using the techniques 13 C CP-MAS NMR, AAS, SEM and XRD. Their thermal behavior was studied by TG and DSC.
Materials and methods

Materials
Chitosan from crab shells was purchased from SigmaAldrich, humidity: 11.8% and viscosity: [400 mPa s, 1% in acetic acid, and was used without further purification. The deacetylation degree of chitosan was 78%. The other chemical reagents used were of analytical grade. Benzaldehyde, 4-nitrobenzaldehyde, 4-(dimethylamino)benzaldehyde, copper(II) sulfate pentahydrate, zinc sulfate and nickel(II) chloride hexahydrate were purchased from Sigma-Aldrich and used without further purification.
Synthesis of chitosan Schiff bases
For the preparation of chitosan Schiff bases, 0.5 g of chitosan was dissolved in 15 mL of acetic acid 1% and the pH was adjusted to 4-5. The solution was diluted with 30 mL of ethanol and stirred at room temperature for 30 min. After that, 2 mmol of the corresponding aromatic aldehyde dissolved in 10 mL of ethanol (99%) was added to the resulting viscous solution and the mixture was stirred for 8 h. Then, the solvent was evaporated under reduced pressure and the product was washed with 15 mL of aqueous NaHCO 3 (5%). The product was filtered off and washed with distilled water and ethanol to remove the excess of reagents. The resulting yellowish powders were dried for 4 h at 60°C.
General procedure for preparation of chitosan and Schiff bases metal complexes
The complexes were prepared by adding 0.1 g of dry chitosan or Schiff base (CTB, CTDB and CTNB) to 10 mL of CuSO 4 Á5H 2 O, ZnSO 4 or NiCl 2 Á6H 2 O aqueous solution (0.01 mol L -1 ) with stirring at room temperature for 24 h. After that, the mixture was filtered off and the precipitate was dried in an oven at 60°C for 4 h.
Measurements
Solid-state 13 C CP-MAS NMR spectra were recorded on an AVANCE III NMR spectrometer (Bruker, Campinas, Brazil, 400 MHz). The spin rate was kept at 10 kHz.
Cu(II), Zn(II) and Ni(II) ions content of the remaining solution was measured by A Model Analyst 200 PerkinElmer Atomic Absorption Spectrometer in the optimal conditions recommended by the supplier for this quantification.
TG measurements were taken with a Netzsch TG 209. The powdered samples (*5 mg) were placed into alumina crucible and heated at 10°C min -1 under a dynamic nitrogen atmosphere at a flow rate of 25 mL min -1 from room temperature to 700°C.
DSC measurements were taken in a Netzsch DSC Phoenix-204 using sample mass of 5 mg in a covered aluminum crucible. An empty crucible was used as reference. The samples were heated at 10°C min -1 from room temperature to 500°C with a gas flow rate of 25 mL min -1 . The electron micrograph studies were carried out in Carls Zeiss EVO LS15 Model, with secondary electrons detector and high vacuum. Sputter Coater Quorum Model Q 150R ES was used to metalize the samples.
X-ray diffractograms on powder samples were obtained using a SHIMADZU (model XRD-6000) diffractometer, with Cu-K a1 radiation (k = 1.54056 Å ) and a graphite monochromator, at 40 kV and a current of 30 mA. Measurements were taken over an angular range of 5°B 2h B 40°with a scanning step of 0.02 and a fixed counting time of 10 s. Divergence, scattered and receiving radiation slits were 1°, 1°and 0.2 mm, respectively.
Results and discussion
The Schiff bases have been synthesized by the condensation reaction of chitosan and different benzaldehydes. The representation of the Schiff bases preparation reaction is shown in Scheme 1. Figure 1 shows the 13 C NMR spectra of chitosan and its synthesized Schiff bases. The 13 C NMR spectrum of chitosan presents signals at 173.9 ppm and at 23.7 ppm, which are attributed to the carbonyl carbon of -COCH 3 and the methyl carbon (-CH 3 ), respectively, of acetylated unit. The signals between 56.6 and 104.4 ppm are assigned to carbons C1, C2, C2 0 , C3, C4, C5 and C6 of glypyranose [23] . The 13 C NMR spectra of chitosan Schiff bases show the signals of the carbons of pyranosidic ring between 56.6 and 104.4 ppm. Moreover, it can be observed the signals in the region of 164 and 167 ppm assigned to C9 of the imine groups (C=N) [24] and the signals between 111 and 152 ppm attributed to the carbons of the aromatic ring, which confirm the formation of the synthesized Schiff bases. It can also be seen a modification in the signal C2 at *56 ppm, because Schiff base reaction happens at this carbon, so there is a mixture of substituted and unsubstituted products. The assignments of the 13 C NMR spectra signals of chitosan and the biopolymeric Schiff bases are presented in Table 1 . Table 2 shows the metal content, Cu(II), Zn(II) and Ni(II), adsorbed by chitosan and the synthesized Schiff bases determined by atomic absorption spectrometry. The reactions were carried out for 24 h, the time determined for maximum chelating capacity of polymeric compounds. In addition, the pH of solutions before the complexation reaction was 6.5.
c cp-mas nmr
Atomic absorption spectrometry (AAS)
The results showed that chitosan is the most efficient chelating material, in which adsorbed 100% of Cu(II) and Zn(II) and 37% of Ni(II). As it was expected, chitosan showed great selectivity for these ions [25] .
Due to the chemical modification in the polymer chain, the adsorption capacity of the Schiff bases decreased, which confirms that chelation is related to the -NH 2 content as well as to the -NH 2 distribution [26] . It can also be considered a steric hindrance of the new groups bonded to chitosan. Comparing the Schiff bases, CTB showed higher chelating capacity, followed by CTDB and CTNB. 
Thermogravimetric analysis (TG/DTG)
The TG and DTG curves of chitosan are shown in Fig. 2a . Under nitrogen, a two-step degradation is observed, probably due to cross-linking reactions, which occur during thermal decomposition. The first thermal event, at 62°C with mass loss of 11%, is assigned to the loss of water adsorbed and/or weakly hydrogen bonded to chitosan [27] . The second thermal event reaches a maximum at 277°C with a mass loss of 46%. It corresponds to the thermal degradation of the pyranose ring with the rupture of the glycosidic linkages between the glucosamine and Nacetylglucosamine rings on chitosan and release of volatile products [28, 29] . It is also observed a mass loss of 18% and a residual mass of 25%. For chitosan-Cu, three thermal events can be observed. In TG/DTG curve, Fig. 2b , there is 8% mass loss in the first stage between at 93°C that is due to the evaporation of the absorbed water. Other two stages are observed at 250 and 285°C. As the chelation process affects the structural integrity of the polymer, these thermal events may be associated with these structural alterations resulting in the formation of new phases [30] . Nevertheless, TG/DTG curves of chitosan-Zn and chitosan-Ni, Fig. 2c, d respectively, differ from copper complex curves, as only two mass loss stages can be observed. The first thermal events of chitosan zinc and nickel complexes occur at 54°C due to the loss of physically adsorbed water molecules. The second thermal event is assigned to the deformation of coordination bond between chitosan and metal ions and also the decomposition of the polymer. After metal complex formation, the thermal stability of chitosan seems to be slightly increased. The residual mass of chitosan-Cu, chitosan-Zn and chitosan-Ni is 37, 20 and 36%.
The TG/DTG curves of CTB, Fig. 3 , show three thermal events. The Schiff base lost approximately 10% of its mass in a first thermal step at 56°C, which is associated with the release of water. The second stage of thermal degradation appears at 262°C with a mass loss of 46%. It is due to the depolymerization of the compound and decomposition of pyranose rings [31] . Another thermal event can be observed at 428°C with 30% of mass loss due to the residual decomposition reactions. The residual mass is 14%. CTB was slightly less stable than chitosan. This fact is related to the reduction in free amino groups due to the chemical modification of the polymer and consequently a lower crystallinity of the Schiff base [22] . Figure 3b shows the TG/DTG curves of CTB-Cu. The first thermal event is observed at 71°C with 14% of mass loss. It is attributed to dehydration of the complex. As observed for chitosan-Cu, CTB-Cu also shows two thermal events in the range of 250 and 289°C, associated with the formation of new phases due to the presence of metal coordination bonds [30] . For this compound, the residual mass was 37%.
TG/DTG curves of CTB-Zn, Fig. 3c , exhibit two stages for the evaporation of the absorbed water at 42 and 91°C. At 105°C, it can be seen the release of strongly hydrogen- [27] . The depolymerization, derivative decomposition and the deformation of coordination bond occur at 300°C. The residual mass is 34%.
For CTB-Ni, Fig. 3d , the release of absorbed water is seen at 53°C with mass loss of 10%. The second thermal stage occurs at 278°C, which is due to thermal decomposition of the polymer and coordination bond deformation, with 50% of mass loss. The residual mass is 40%. The residue amount of CTB complexes is larger than the Schiff base which may be due to the formation of thermally stable metal oxides.
For both chitosan and CTB, the zinc complexes show that thermal degradation occurs at higher temperatures than that of the other complexes which means zinc complex has higher thermal stability than copper and nickel complexes. Figure 4a shows the DSC curve of the polymer chitosan. An endothermic peak, observed at 95°C, is attributed to the loss of water content. The exothermic peak appears at 306°C and corresponds to the decomposition of the polymer chain [28, 32] , due to depolymerization and decomposition of deacetylated and acetylated chitosan units [33] . The DSC curve of chitosan-Cu is represented in Fig. 4b . Differently from chitosan, it shows three endothermic peaks at 110, 239 and 307°C. The first endothermic peak corresponds to the water removal from the polymer. The other two endothermic transitions may be related to the formation of new phases because of the structural modification of the material due to coordination bonds between the polymer and the metal ion. The exothermic peak, at 360°C, is attributed to the thermal decomposition of chitosan and the formation of a new and more stable phase [31] . The DSC curve of chitosan-Ni, Fig. 4c , presents a similar profile to chitosan; however, the endothermic and exothermic peaks are slightly shifted to lower temperatures, 83 and 295°C, respectively, which might be due to the lower amount of Ni(II) chelated by chitosan.
Differential Scanning Calorimetry (DSC)
The thermal behavior of CTB, Fig. 5a , shows an endothermic peak at 86°C related to the evaporation of water present in the derivative. The exothermic peak at 266°C is associated with the polymer decomposition [32] . Due to the chemical modification, the DSC curve of CTB showed that the derivative is less stable than chitosan as it has shown lower decomposition temperatures, which is in agreement with the results of thermogravimetric analysis. The DSC curve of CTB-Cu, Fig. 5b , exhibits two endothermic peaks at 91°C associated with the evaporation of bound water and at 238°C related to the formation of new phases due to the coordination bonds between the polymer and the metal ion. The exothermic peak at 288°C is attributed to the polymer degradation. The DSC curve of CTB-Ni, represented in Fig. 5c , shows an endothermic peak at 79°C, related to the evaporation of water. The exothermic peak at 278°C is assigned to degradation of the material. For CTB complexes, the exothermic peaks shifted thermally to higher temperatures when compared to pure CTB. This fact might be associated with the new bonds formed after chelation which enhances thermal stability.
Scanning electron microscopy (SEM)
The scanning electron micrographs of copper complexes of chitosan (Fig. 6b) , CTB (Fig. 6f) , CTDB (Fig. 6j) and CTNB (Fig. 6n) , exhibit an irregular surface with the presence of crystals which are attributed to copper sulfate adsorbed on the materials surface [34] . These crystals are not seen in the SEM images of pure materials (Fig. 6a , e, i and m). However, the SEM images of zinc complexes (Fig. 6c, g, k and o) only showed smooth and compact morphologies but without the presence of crystals, which suggests that this salt was not adsorbed on the polymers surface. Figure 6d , h, l and p shows the surface morphology of nickel complexes. It can be seen an heterogeneous surface accompanied with pores. In addition, no crystals could be observed on the materials surface.
X-ray powder diffraction (XRD)
The X-ray diffraction patterns of chitosan, Fig. 7a , showed the characteristic peaks at 2h = 10°and 2h * 20°, due to inter-and intra-molecular hydrogen bonds in chitosan [35] . The XRD patterns of its copper complex, Fig. 7a , showed a decrease in the intensity and a broadening of the peaks, which suggest a low crystallinity and an amorphous nature [14] . On the other hand, X-ray diffraction patterns of zinc and nickel complexes of chitosan, Fig. 7a , were similar to the X-ray patterns of pure chitosan, with poorly defined crystalline diffraction peaks superimposed to haloes characteristic of the amorphous nature of the material. The XRD patterns of Schiff bases, Fig. 7b , c and d, showed a peak at 2h = 6°, due to the presence of new groups in the side chain of the polymer [36] . The copper complexes of Schiff bases presented a slight decrease in crystallinity when compared to their respective Schiff base, due to the coordination with the metal ions. In addition, some smaller peaks can also be observed. It is characteristic of pure copper sulfate adsorbed on the materials surface, as confirmed by SEM images.
The X-ray diffraction patterns of Zn(II) and Ni(II) Schiff bases complexes showed a slight difference when compared to XRD patterns of pure Schiff bases, with more amorphous nature of the polymers after the metal coordination.
The crystallinity of the compounds was calculated using the following Eq. (1):
where I 110 is the maximum intensity at *20°and I am is the intensity of amorphous diffraction at *10° [37] . The crystallinity of chitosan derivatives, CTB 57% and CTDB 55%, decreased when compared to pure chitosan, 68%, except for CTNB, 71%. The decrease in the crystallinity of chitosan derivatives may be attributed to the deformation of strong intermolecular hydrogen bonds, because of the substitution in the free amino groups of chitosan [38] .
After coordinating with copper ions, chitosan and the Schiff bases have shown a reduction in crystallinity, due to the coordination of the metal with nitrogen atoms and hydroxyl groups of the polymers. Although the CTDB has adsorbed 53% of copper ions (see Table 2 ), the crystalline index of CTDB-Cu, 53%, is only slightly different from pure CTDB, 55%. This might be due to the fact that for this compound, most of the copper is in the form of salt adsorbed on the material surface, as observed in the SEM images (Fig. 2g) . Zn(II) and Ni(II) complexes also presented lower crystalline index than their Schiff bases. However, the Zn(II) complexes showed lower crystalline than Ni(II) complexes. This fact is in agreement with the major concentration of Zn 2? ions chelated by chitosan and their derivatives than Ni 2? ions (see Table 2 ). The coordination of metal ions to the compounds generates a deformation of strong hydrogen bonds increasing the disorder of the systems and, consequently, decreasing their crystallinity. Table 3 shows the calculated crystalline index values for all compounds.
Conclusions
Three chitosan Schiff bases with aromatic substituent groups have been synthesized and characterized by 13 C NMR in solid state. The AAS results showed that chitosan presents higher chelating capacity than the derivatives in the order Cu [ Zn [ Ni. The morphology studies exhibited copper sulfate adsorbed on the polymers surface, which indicates that part of the metal content determined by AAS is in the salt adsorbed. The crystals were not observed for the other metal complexes. X-ray diffraction patterns showed that the presence of new groups on chitosan chain as well as the formation of complexes resulted in the decrease in crystallinity. This decrease can be attributed to the deformation of strong hydrogen bonds when the metal ions are coordinated to the compounds. TG/DTG measurements showed a decrease in the decomposition temperature of CTB when compared to nonmodified chitosan. Furthermore, the presence of coordination bonds between the metal ions and the materials increased their thermal stability. Differently from zinc and nickel complexes, the curves of copper complexes presented more thermal events related to the formation of new phases and the copper salt adsorbed on the materials surface. DSC curves of copper complexes showed more endothermic transitions than the other complexes. In addition, exothermic peaks of CTB complexes shifted thermally to higher temperatures when compared to pure CTB.
